Results: The nuclease activity of Mre11p was found to be dispensable for Conclusions: These data rule out models in which the MRX complex is necessary for Cdc13p binding to telomeres or in which the MRX complex is necessary for the catalytic activity of telomerase. Rather, the data suggest that the MRX complex is involved in recruiting telomerase activity to yeast telomeres.
Background
action, but their roles in promoting telomerase are redundant, such that their single mutation does not yield an est The ‫-053ف‬bp tracts of Saccharomyces telomeric C 1-3 A/ TG 1-3 DNA are maintained by telomerase, a reverse tranphenotype. Many of these genes also have nontelomeric functions. For example, the two ATM-like protein kinases scriptase that uses its RNA component as a template to elongate the TG 1-3 strand of telomeric DNA. Telomerase- [13, 14] , Mec1p and Tel1p, affect DNA checkpoints and DNA repair [15] [16] [17] [18] . The loss of Mec1p results in a modmediated lengthening depends on several genes, including TLC1, which encodes telomerase RNA [1] , and EST2 est decrease in telomere length [19] , while telomeres are very short but stable in a tel1 strain [20] . However, a mec1 (ever shorter telomeres), which encodes the catalytic reverse transcriptase protein subunit [2] . Telomerase action tel1 strain has an est phenotype: its telomeres progressively shorten, and mec1 tel1 cells senesce [19] . also requires two TLC1 binding proteins [3] , encoded by EST1 [4] and EST3 [5] , and CDC13, which encodes a single-stranded TG 1-3 DNA binding protein [6, 7] that
The MRX complex consists of three proteins, Mre11p, associates with telomeres in vivo [8] . Mutations that elimiRad50p, and Xrs2p (reviewed in [21] ). Strains lacking any nate the telomerase function of these genes result in an one or all three members of the MRX complex have the est phenotype: progressively shorter telomeres, increased same phenotypes. Mre11p is a single-stranded endonuclechromosome loss, and, ultimately, cell death [3, 9] . Est1p ase and a 3Ј-5Ј exonuclease [22, 23] . Rad50p has ATPand Cdc13p interact in vivo, and mutations that affect dependent DNA binding activity [24] . The human Xrs2-this interaction impair telomere lengthening [10, 11] .
like protein, NBS1, confers a helicase-like activity on the Moreover, Cdc13-Est1 and Cdc13-Est2 fusion proteins human Mre11-Rad50 complex [25] . The Saccharomyces allow telomeres to be maintained in the absence of Est1p MRX complex affects multiple cellular functions, includ-(and in the case of CDC13-EST2, in the absence of Est2p).
ing both homologous [26] and nonhomologous recombinaHowever, these fusion proteins do not circumvent the tion (reviewed in [21] ). Like a tel1 strain, cells lacking Est3p requirement [12] .
any one of the three MRX proteins have short but stable telomeres [27, 28] . Also, like a mec1 tel1 strain, a mec1 strain lacking any of one of the MRX proteins has an est There are other genes that are important for telomerase The mec1 allele used in this paper is a deletion allele. Because MEC1 is essential for mitotic growth, all mec1 strains also lacked SML1, a mutation that suppresses the lethality, but not the checkpoint phenotypes, of mec1 cells [30] . To understand the role of ATM-like proteins in telomere maintenance, we identified mutations that conferred a lethal phenotype on a mec1 hdf1 strain; the hdf1 mutation was used because it accelerated senescence. Out of 3 ϫ 10 5 mutagenized cells, we identified 2 mre11, 1 rad50, and 20 tel1 mutations (data not shown). These and additional genetic results from our lab confirm earlier studies that demonstrate that Tel1p and the MRX complex act in the same pathway to promote telomerase [29] .
The Mre11 nuclease has sequence similarity to the SbcD protein, the catalytic subunit of an E. coli DNA endo/ exonuclease [31, 32] . Amino acid substitutions in Mre11p in either of two SbcD motifs (mre11-D56N or mre11-
Steps in telomerase-mediated lengthening of telomeres. C strand H125N) eliminate in vitro nuclease activity [33] . One apdegradation occurs in late S/G2 phase, generating long singlepealing possibility is that the nuclease activity of Mre11p stranded TG 1-3 tails that are expected to be ideal substrates for promotes telomerase by generating the single-stranded telomerase [37, 48] . Both Cdc13p (open circles), which limits C TG 1-3 tails that are the presumed substrates for telomerase strand degradation [49] , and telomerase (speckled circle) bind the TG 1-3 tails, allowing catalytic lengthening of the TG 1-3 strand by (Figure 1 ). If this model were correct, the mre11-D56N were maintained by telomerase, not by telomere recombination, the RAD52 gene was deleted from these strains, as Rad52p is required for telomere recombination [34] . Since the drug 5 fluoro orotic acid (FOA) kills cells exphenotype [29] . In contrast, a tel1 mrx strain has short, pressing Ura3p [35] , only cells that lost the MEC1 URA3 stable telomeres, suggesting that Tel1p and the MRX plasmid will grow on FOA plates ( Figure 2 ). As expected, complex act in the same pathway [19] . Thus, yeast rethe mec1 mre11 strain showed slow growth at the first quires either the Tel1p/MRX or the Mec1p pathway for streak and no growth at the second streak, confirming the telomerase-mediated replication of telomeric DNA.
senescence phenotype of mec1 mre11 strains. In contrast, mec1 mre11-D56N and mec1 mre11-H125N cells grew as The elongation of telomeres by telomerase involves sevwell as the mec1 MRE11 strain at the first and second eral steps (Figure 1 ): the generation of a single-stranded restreaks (Figure 2 ), as well as for several subsequent TG 1-3 tail, Cdc13p binding to this tail, recruitment of restreaks (data not shown). Thus, the nuclease activity of telomerase, Est2p-mediated lengthening of the TG 1-3 tail, Mre11p is not required for telomerase-mediated replicaand C strand resynthesis. CDC13-EST fusion proteins tion of yeast telomeres. This conclusion is consistent with probably act by bypassing the recruitment step [12] . A the finding that mre11-D56N and mre11-H125N cells have priori, Tel1p and the MRX complex could act at any of wild-type-length telomeres [33] . these steps. Using both chromatin immunoprecipitation and Cdc13p fusion proteins, we show that Cdc13p binding The 5Ј-3Ј processing of induced double-strand breaks is modestly slowed in the absence of the MRX complex as long as telomerase was targeted to the telomere, telomere lengthening occurred efficiently in the absence of [36] , but this slowing is not observed in a nuclease-deficient mre11 strain [33] . These data raise the possibility these proteins. We propose that Tel1p/MRX and Mec1p function by recruiting telomerase activity to yeast telothat MRX acts in part by recruiting a 5Ј-3Ј nuclease to double-strand breaks and perhaps to telomeres. Since meres.
Figure 2
Nuclease-deficient mre11 mutations do not cause synthetic senescence with mec1. A mec1 mre11 strain containing a MEC1 plasmid (MEC1 CEN4 URA3) was transformed with a CEN6 LEU2 plasmid (vector alone) or the same plasmid containing wild-type (MRE11) or nuclease-deficient mre11 alleles (mre11-D56N or mre11-H125N). Cells were streaked to plates containing 5 fluoro orotic acid (FOA), which kills cells expressing Ura3p. Only mec1 mre11 cells that are viable after the loss of the MEC1 URA3 plasmid can grow on FOA plates. (a) The first streak on FOA; (b) the second streak on a FOA plate. The starting mec1 mre11 strain was also rad52 (to eliminate cells that maintain telomeres by a recombinational mechanism) and sml1 (to suppress the lethality of the mec1 strain).
Cdc13p binds only to single-stranded TG 1-3 DNA [6, 7] , in the wild-type, mre11, and tel1 strains ( Figure 3d ). In if the MRX complex were needed to generate the tranthe formaldehyde-crosslinked samples, none of the three sient 3Ј single-stranded tails that arise in late S phase [37] , target sequences was immunoprecipitated in the absence Cdc13p binding to telomeres would be impaired in an of a Myc-tagged gene ( Figure 3c ). In the wild-type Mycmrx strain. Chromatin immunoprecipitation (ChIP) was tagged Cdc13p-expressing strain, the TEL fragment was used to monitor Cdc13p binding to telomeric DNA in easily detected, enriched ‫-04ف‬fold over its presence in wild-type, mre11, and tel1 strains. Nine Myc-epitopes were the no tag control precipitate (Figure 3c ,e). As neither introduced at the carboxyl terminus of the chromosomal the ADH nor the ARO fragments were enriched in this copy of CDC13. As telomere length was normal in cells immunoprecipitate, Cdc13p binding was specific for the expressing this Myc-tagged protein (data not shown), the very end of the chromosome. These data confirm our tagged gene was able to provide the telomere functions earlier demonstration that Cdc13p is a telomere-limited of Cdc13p. The epitope-tagged CDC13 was introduced binding protein in vivo [8] . The amount of TEL DNA into wild-type and mutant strains having URA3 next to precipitated in the mre11 and tel1 strains was even greater the left telomere of chromosome VII.
than in the wild-type strain, enriched ‫-06ف‬fold over the no tag control (Figure 3c ,e). In all three strains, the ability Western analysis showed that levels of Myc-Cdc13p were to immunoprecipitate telomeric DNA was absolutely deequivalent in the wild-type, mre11, and tel1 strains (Figure pendent on formaldehyde crosslinking, demonstrating 3b). To assess Cdc13p binding, chromatin was crosslinked that the association of Cdc13p with telomeric DNA ocin vivo with formaldehyde, sheared to an average DNA curred in vivo. Two-fold serial dilutions of the input DNA size of 0.8 kb, and immunoprecipitated using a monorevealed that the PCR reactions were in the linear range clonal anti-Myc antibody. The crosslinks in the immunoand showed that 2-fold differences in the amount of precipitate were reversed, and the DNA in the pellet Cdc13p-associated telomeric DNA were detectable in this was amplified by quantitative PCR (polymerase chain assay (Figure 3c ). Qualitatively similar results were obreaction) using primers for three different DNA setained in both a rad50 and an xrs2 strain (Figure 4 ). The quences (Figure 3a) . The three sequences were: TEL, a modestly elevated level of Cdc13p binding in tel1, mre11 252-bp fragment immediately adjacent to the left telo- (Figure 3 ), and xrs2 (Figure 4 ) cells is not understood, mere of chromosome VII; ADH, a 301-bp fragment from although we speculate that it might reflect an altered halfnear the ADH4 gene that was ‫5ف‬ kb from the left telomere life or length of single-stranded TG 1-3 tails in mutant of chromosome VII; and ARO, a 372-bp segment of the compared to wild-type cells. Whatever the cause of the ARO1 gene that was ‫007ف‬ kb from a telomere. As controls, increased Cdc13p binding, these data do not support a we used the anti-Myc antibody to precipitate chromatin model in which Cdc13p binding is reduced in the absence from cells lacking a Myc-tagged gene (Figure 3c, no tag) .
of MRX or Tel1p. We also precipitated chromatin from each strain in the absence of in vivo formaldehyde crosslinking (Figure 3c Cdc13p binding is not diminished in the absence of Rad50p or Xrs2p. Experiments were carried out exactly as described in Figure 3 , except that Cdc13p association was examined in rad50 and xrs2 strains. The absolute values for enrichment in this figure are not identical to those in Figure 3 because the two sets of experiments were done several months apart, using different reagents. Cdc13p binding is not diminished in the absence of Mre11p or Tel1p. Chromatin immunoprecipitations (ChIP) were carried out in wildtype, mre11, and tel1 strains in which the URA3 gene was integrated next to the left telomere of chromosome VII and the chromosomal Cells were then streaked to FOA plates: only cells that 
the CDC13-EST1 and EST2 fusion proteins to suppress
The average value from three experiments and the standard deviation (in parentheses) are shown.
the senescent phenotype of cells lacking both MRX and Mec1p or both Tel1p and Mec1p shows that Cdc13p binding occurs in the absence of both Mec1p and one of the three MRX proteins and in the absence of both Mec1p ( Figure 5 ). For these experiments, the RAD52 gene was and Tel1p. also deleted to insure that survival occurred by a telomerase-dependent, rather than a recombination-depenTelomere lengthening by targeted telomerase occurs dent, pathway [34] . Plasmids that encode the fusion proefficiently in the absence of the MRX complex or Tel1p teins (or the empty vector) were introduced individually
The ability of CDC13-EST1 and CDC13-EST2 to suppress the senescence of mec1 mrx and mec1 tel1 strains suggests into a mec1 mre11 strain carrying a MEC1 URA3 plasmid. Cdc13-telomerase fusion proteins suppress senescence of mec1 mrx and mec1 tel1 strains. Strains of the indicated genotypes carrying a MEC1 plasmid (MEC1 CEN4 URA3) were transformed with a CEN6 LEU2 plasmid (I) or the same plasmid containing CDC13-EST2 (II), CDC13-est2 (est2 is a catalytically inactive form of Est2p) (III), or CDC13-EST1 (IV). Cells were streaked multiple times on plates containing FOA. Only cells that retain viability upon the loss of the MEC1 plasmid can grow on FOA plates. Cells from the first and second restreaks are shown; suppression was similar at additional restreaks (data not shown). All strains were also sml1 (to suppress the lethality of the mec1 strain) and rad52 (to eliminate cells that maintain telomeres by a recombinational mechanism). that these proteins act by recruiting telomerase to teloon the catalytic activity of telomerase, as it did not occur meres. Next, we wished to determine if the MRX proteins in cells expressing Cdc13-est2p. Telomere lengthening also affected the catalytic activity of telomerase. If the also occurred efficiently in singly mutant tel1, mec1, rad50, MRX complex functions solely by recruiting telomerase, xrs2, and mre11 cells expressing the Cdc13-Est1p and targeting telomerase to the telomere by fusion of a teloCdc13-Est2p fusion proteins (Figure 6c,d ). These data merase subunit to Cdc13p should result in comparable demonstrate that, when telomerase is localized to teloamounts of lengthening in wild-type and mec1 mre11 or meres, it efficiently lengthened telomeres in cells lacking mec1 tel1 cells. Alternatively, if the MRX complex is also the MRX complex, Mec1p, or Tel1p (Figure 6c,d) . In important for wild-type levels of telomerase activity, teloaddition, lengthening by targeted telomerase occurred meres would be shorter in mec1 mrx cells expressing these efficiently in cells lacking both MRX and Mec1p or both fusion proteins than in wild-type cells expressing these Tel1p and Mec1p (Figure 6a,b) . The fact that lengthening fusions. Telomere length was measured in two indepenby these fusion proteins was somewhat greater in mutant dent transformants of wild-type and mutant strains carcompared to wild-type cells is consistent with the finding rying vector alone (lanes labeled I) or expressing either that Cdc13p binding was modestly elevated in mutant Cdc13-Est2p (lanes II), Cdc13-est2p (lanes III), or Cdc13-cells (Figures 3e and 4b ). Est1p (lanes IV) (Figure 6 ). Consistent with previous work [12], wild-type cells expressing Cdc13-Est2p had teloDiscussion meres that were ‫071ف‬ bp longer than cells with vector In a mec1 yeast strain, both the MRX complex and Tel1p alone; as reported previously [12] , telomeres in cells exare needed for telomerase-mediated lengthening of telopressing Cdc13-Est1p were even longer, ‫052ف‬ bp longer meres [19, 29] . The human Tel1p homolog, ATM, like than control cells (Figure 6 , wild-type I, II, and IV lanes Tel1p and Mec1p [13] , is a protein kinase, and one of its in each panel). This hyperlengthening did not occur in targets is the human Xrs2p equivalent, NBS1 [38] . These cells expressing the catalytically inactive Cdc13-est2p data suggest a model in which Tel1p phosphorylates (Figure 6b , lanes labeled III).
Xrs2p (or another member of the MRX complex), enabling the MRX complex to promote telomerase. When the Cdc13-Est1p or Cdc13-Est2p fusion proteins
Given that Mre11p is a nuclease and single-stranded TG 1-3 were expressed in mec1 mre11 cells (Figure 6a ), telomere tails are the likely substrates for telomerase, one possibillength was even longer than in the wild-type strain. Comity is that phosphorylation of a MRX protein stimulates pared to cells with vector alone, telomeres were ‫063ف‬ bp the nuclease activity of Mre11p, promoting the cell cycle longer in cells expressing Cdc13-Est2p (lanes II) and generation of the single-stranded TG 1-3 tails that bind ‫016ف‬ bp longer in cells expressing Cdc13-Est1p (lanes Cdc13p and recruit telomerase (Figure 1 ). The data in IV). Similar lengthening was seen in the mec1 rad50, mec1 this paper argue against this model. First, nuclease-minus xrs2 (Figure 6a) , and mec1 tel1 (Figure 6b ) strains expressing the fusion proteins. This lengthening was dependent alleles of Mre11p did not confer an est phenotype on a mec1 When telomerase is targeted to telomeres, telomere lengthening occurs efficiently in cells lacking the Mrx complex, Mec1p, or Tel1p. Telomere length was examined in strains of the indicated genotypes carrying either a CEN6 LEU2 plasmid (I) or the same plasmid containing CDC13-EST2 (II), CDC13-est2 (III), CDC13-EST1 (IV), or EST1-DBD CDC13 (V). All mec1 strains were also sml1. These strains were obtained as described in Figure 5 , except the strains used for DNA preparation were RAD52. DNA was prepared ‫06ف‬ cell divisions after the loss of the MEC1 CEN4 URA3 plasmid. DNA from each strain was digested with XhoI, separated in a 0.8% agarose gel, transferred to a nylon membrane, and hybridized with a C 1-3 A/TG 1-3 telomeric probe. The MW markers are a 1-kb ladder.
strain (Figure 2) . Second, by the criterion of chromatin Given that Cdc13-Est1 and Cdc13-Est2 fusion proteins were able to suppress the telomerase defect of mec1 mrx immunoprecipitation, Cdc13p binding to telomeres was not reduced in tel1, mre11, rad50, or xrs2 strains (Figures 3 cells, the simplest model is that the MRX complex has a role in recruiting either telomerase or a factor that activates and 4). Third, Cdc13-Est1 and Cdc13-Est2 fusion proteins suppressed the est phenotypes of mec1 mrx (or mec1 tel1) telomerase to telomeres (Figure 1 ). The protein recruited by MRX is surely not Est3p, as the est phenotype of est3 strains (Figure 5 ), suggesting that Cdc13p binding was not impaired in cells lacking both Mec1p and MRX (or cells is not bypassed by the Cdc13-Est1 fusion protein [5] . However, our data are consistent with the possibility both Mec1p and Tel1p). In addition, when telomerase was targeted to telomeres, telomere lengthening was at that MRX recruits either Est1p or Est2p (or both) to telomeres. least as effective in mec1 mrx and mec1 tel1 cells as in wildtype ( Figure 6 ). Taken together, our data indicate that the generation of single-stranded TG 1-3 tails, Cdc13p binding,
The human homologs of the yeast proteins studied in this paper also affect telomeres. Mutation of the human catalytic activity of telomerase, and C strand resynthesis are not compromised in the absence of Mec1p, Tel1p, or ATM gene results in fibroblasts that display accelerated telomere shortening [39] , a phenotype that can be partially the MRX complex. All experiments were in the VPS106 background [43] , except the chro- ground [44] . To make the mec1 allele, a 3.7-kb segment was deleted type), pSM312 (mre11-D56N), and pSM304 (mre11-H125N) into 15. Kato R, Ogawa H: An essential gene, ESR1, is required for pRS315 [44] . The pSM plasmids were generously provided by L. Symingmitotic cell growth, DNA repair and meiotic recombination ton [33] . The chromosomal copy of CDC13 was tagged at its carboxyl in Saccharomyces cerevisiae. Nucleic Acids Res 1994, end with nine myc epitopes using methods described in [45] 
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The strain used for ChIP had URA3 inserted at the left telomere of B, Petes TD: TEL1, a gene involved in controlling telomere chromosome VII [46] . The methods for ChIP were similar to those delength in S. cerevisiae, is homologous to the human ataxia scribed by [47] , except that the immunoprecipitate was washed sequen- were quantitated by NIH image.
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